Background outward K' currents in guinea pig ventricular myocytes were characterized over a broad range of membrane potentials, including those corresponding to the plateau of the action potential. The background current that is blocked by 1 mM Ba24 (IKP) activates within 5 msec at positive potentials, does not inactivate, and deactivates very rapidly on repolarization. IKP is insensitive to Cl-channel blockers, internal or external [Cl~], dihydropyridines, and sulfonylureas. In contrast, the delayed rectifier K' current (IK) was not completely blocked even by 30 mM Ba24. Ba24-sensitive current density increased progressively from 0.16±0.04 pAlpF at 0 mV to 0.52±0.21 pA/pF at +80 mV (n=13, mean+SEM). The background current remains present when [K']. is reduced to 0 mM, which suppresses the inward rectifier K4 current (IK1). These and other features suggest that IK,P is generated by K4 Previously presented in part in abstract form (Circulation 1990;82[suppl 1111:111-340 
Action potentials in the heart are 10 to 100 times 4 longer than those in axons or in skeletal mus1k cle,1'2 a fact that has important consequences for excitation-contraction coupling3 and arrhythmogenesis. 4 Despite decades of investigation,5 our understanding of the ionic currents that underlie the plateau continues to evolve. Initially, action potential duration was thought to be determined solely as a balance of the inward Ca 2 current and one or at most two outward K' currents; repolarization would occur as Ca21 channels inactivate and as delayed rectifier K' channels turn on. 5 This conceptualization has required considerable revision recently, with the recognition of two distinct types of Ca2' channels,6 a variety of K' channels and Clchannels, and a potentially important role of current generated by Na4-Ca2' exchange and the Na+-K+ pump in repolarization. [7] [8] [9] In the present study, we focus on the K' currents that are active during the action potential plateau, with particular emphasis on the identification and macroscopic characterization of a voltage-activated background K' current. Although several time-independent metabolically activated currents have been identified (cAMP-activated Cl-currents,'0 1' ATP-sensitive K' currents [IK,ATP],12 and Na+-activated K' currents'3), their influence on the action potential plateau under basal conditions is unclear. The voltage-dependent K4 currents in ventricular cells include the delayed rectifier K4 current (IK) and the inward rectifier K4 current (IKi).
The inward rectifier, as its name implies, passes virtually no current at positive potentials and thus contributes little to the action potential plateau. The transient outward current (Ito), although important in cardiac tissue from a variety of species (e.g., calf Purkinje fibers14 and rabbit crista terminalis '5) , is absent from guinea pig ventricle, which was used in this study. IK is thought to be of greater importance in the regulation of action potential duration: two components, fast (IK,r) and slow (IKs), have been convincingly dissected pharmacologically,16 along with evidence that the activity of the faster component influences repolarization.
Even the "rapid" component, IKr, of the delayed rectifier current, IK, of the heart turns on more slowly than the delayed rectifier channels found in neurons and muscle.17 '8 The nerve-type voltage-dependent K4 channels turn on completely within 5-10 msec at positive potentials and deactivate even more rapidly on repolarization. Similar rapidly activating K4 channels with a conductance of 12-14 pS have been described in cardiac myocytes from chick,'9,20 rat,21 and guinea pig,22 but the only extensive characterization has been at the unitary level. Nevertheless, previous reports at the whole-cell level have revealed the presence of a rapidly activating outward current, not attributable to either lKl or IK, at potentials corresponding to the plateau of the action potential.23 26 More recently, a new gene has been cloned from guinea pig heart,27 which encodes a K4 channel (KV1.5). Although the KV1.5 channels are classified as delayed rectifier channels,28 the macroscopic currents recorded in Xenopus oocytes at voltages greater than +20 mV activate and deactivate within a few milliseconds and display little or no inactivation.27 Such rapidly activating channels would essentially function as time-independent background currents on the time scale of the cardiac action potential. Unlike IK,. or IKS, background channels would open even during the earliest stages of the action potential; thus, they might play a role in shaping excitability distinct from that of K,r and lK,S
In the present study, we dissect out the background plateau K+ current activated at depolarized potentials and identify its probable contribution to cardiac excitation. The characteristics of this current are such that it appears to represent the macroscopic correlate of the background K+ channel that Yue Figure 1A shows the currents evoked by depolarization (left recordings) or hyperpolarization (right recordings) from a holding potential of -40 mV before (*) and after (Ei) the addition of nitrendipine. The current amplitude measured 160 msec after the beginning of the test pulse and plotted in Figure 1B shows the N shape typical of heart cells. duction in whole-cell outward current at 40 mV was *t diva apeinsignificant (3.6-+4.5 pA, mean-+-SD, n=3). In contrast to the insensitivity of the background current at positive 40-50% at all the voltages tested. Incompotentials to glibenclamide, a modest inhibition of IKi ;of the isoproterenol-induced Cl current has was observed at both -60 and -90 mV (panel A, left) rved previously" and is at least partially at this high concentration of glibenclamide. These ree to the very slow onset of block of the sults, which were confirmed in two other cells, verify iol-induced current by 9-AC.11 The insensithat the background current does not reflect lK,ATP. e basal background current to 9-AC and its
Background Currents in Ventricular Cells
We have already argued that the background current y Ba2+ are both inconsistent with the notion at positive potentials is not due to 1K1, given the intense resents Cl-current. Although these results inward rectification of this current.2938 The absence of te that the currents in Figures 1 and 2 abolished, leaving only a small inward current at negative potentials and a progressively increasing outward current at positive voltages. The residual current after K' removal is not just a nonspecific leak: Figure 6C shows that the currentvoltage relation at the more positive voltages in 0 K' (El) before the addition of Ba2`is inhibited after the addition of 2 mM Ba2+. The average magnitude of the current blocked by 2 mM Ba2`in the absence of external K' was 106+59 pA at 40 mV and 145 +54 pA at 70 mV (mean+ SD, n =3); these values are significantly different from 0 (p<0.005 by regression analysis). Note that the current at test potentials below -30 mV was unaffected by the addition of Ba2+. The persistence of the Ba2`-sensitive current in 0 K' agrees with the observation that iK,p is not suppressed by reduction of external K'. Furthermore, the distinctive voltage dependence of the Ba2+-sensitive current in 0 K' is entirely consistent with that predicted for the macroscopic correlate of iKp. 22 The final distinction that merits consideration is that between the background K' current and IK. Several features that have already been highlighted render IK unlikely to account for the background current. First of all, background current is active virtually instantaneously on depolarization, but IK activates slowly1629; second, there are no time-dependent changes on the time scale of our brief test pulses (.200 msec); third, no decaying outward tails are seen on repolarization to potentials positive to the K' equilibrium potential, EK, as would be expected for IK.16'29 Nevertheless, Figure 7 presents the most direct evidence against the idea that the background current is due to IK. This cell was studied in 0 K' to suppress lK1. Background current was elicited by 180-msec depolarizing pulses (panels A and C), whereas much longer pulses (3 seconds) were used to evoke IK (panels B and D). Alternating between the two stimulation protocols, we contrasted the effects of 1 and 30 mM Ba 2+ on the two types of currents. Panels A and C show that the background current was blocked by 1 mM Ba2`, as observed previously (Figures 3, 4 , and 6); no further inhibition was produced by Ba 2+ concentrations as high as 30 mM. In contrast, panels B and D reveal that 1K was only inhibited by approximately 30% by 1 mM Ba2+. Even 30 mM Ba2`did not suffice to block 1K entirely. The insensitivity of IK to block by external Ba2`was confirmed in a total of five cells. Because of the experimental design, the striking difference in Ba2+ sensitivity cannot be due to differences in test pulse voltage or ionic conditions or to intercellular variability.
Contribution of Background K+ Current to the Action Potential
From our estimates of the size of the plateau current and its sensitivity to Ba2 , the action potential duration is expected to be modulated by the addition of Ba2+ even when IK1 and L-type Ca' current have been blocked. In Figure 8A , an effect of the addition of Ba2+ present is the background current (see Figure 6 ), the current-voltage relation is remarkably similar to that expected from the single-channel properties of iK,p.22
The sensitivity to Ba21 of the plateau currents supports the contention that this current is carried primarily by K+, since many K' channels are effectively blocked by Ba2+ (References [47] [48] [49] as is iK,p.
Although a number of other rapidly activating membrane currents have been previously described in cardiac myocytes, only iK,p appears to account for our results. The Na+-K+ pump, although capable of generating currents of the size observed in this study, is unlikely to be activated significantly under the ionic conditions used in our experiments; with only 5 mM Na+ in the pipette or in 0 K' conditions, pump currents are insignificant.7 Furthermore, the pump current is not Ba2`sensitive. Similarly, the background current is unlikely to be carried by Na+-activated K' channels, since the intracellular [Na+] must be at least a factor five times greater than that used in our intracellular solutions to evoke any significant current.13 In addition, currents across the membrane-glass seal resistance would be expected to reverse at 0 mV and would be at least an order of magnitude smaller than the Ba2+-sensitive currents we have measured at positive potentials (see "'Materials and Methods").
Although the intracellular [ATP], which is likely to be about the same as the concentration in our pipette solutions (2.5 mM), is well above the levels necessary to suppress activity of lKATP ,12 the possibility exists that the sensitivity of lKATP to ATP may decrease with time, as has been previously suggested.36,50 This was not the case in the present study, since 10 ,M glibenclamide was without effect on the plateau currents. In general, the whole-cell recordings described in this study did not require experimental recording periods of more than Figure 6C .
This figure confirms that a Ba2`-sensitive current is still present at depolarized potentials in the absence of K', when the current through lKl is inhibited. [41] [42] [43] Although the background current reported in this paper exhibits kinetic properties that are clearly distinct from those of the delayed rectifier, IK, its Ba2+ sensitivity is also different from that of IK, as illustrated in Figure 7 . The relative lack of sensitivity of the delayed The current-voltage relation observed for the Ba2-sensitive plateau currents is markedly similar to that expected from the single-channel recordings of iK,p, which are also Ba2`sensitive. An equally noteworthy correspondence between the plateau currents and iK,p is the similarity of the kinetics of the macroscopic and ensemble-averaged currents, as demonstrated in Figure  9 . Is there quantitative consistency between the observed macroscopic plateau currents and predictions based on the single-channel recordings of iK,p? On the basis of the resistance of the pipettes used by Yue and Marban22 (i.e., [1] [2] [3] [4] MQl) and their stated probability of finding iK,p channels in cell-attached patches (approximately 0.1), we estimate that the number of channels per cell is roughly 40-120. This estimate assumes that 1) the total membrane area of our cells was approximately 1.2x104 ,tm2 (assuming 120 pF per average cell and a specific capacity of 1 ,uF/cm'), 2) half of the membrane surface area of a myocyte is T tubular54 (i.e., inaccessible to cell-attached recording), and 3) pipettes of this size seal with sarcolemmal membrane areas of 5-15 .tm2.55 Given a unitary current of 1.6 pA and an average open probability of 0.48 for iK,p at +30 mV,22 we estimate a current density of 0.25-0.76 pA/pF; this is reassuringly consistent with the measured macroscopic plateau current density of 0.24±0.05 pA/pF at this voltage.
In considering the likely physiological role of IK,p, allowance must be made for the fact that the present experiments were conducted at room temperature. Because the delayed rectifier turns on very slowly at room temperature, IK,p and IK were clearly separated kinetically (Figure 7) . At physiological temperatures, IK,p remains present, but IK activates more rapidly and increases in magnitude (M. Sanguinetti, University of Utah, Salt Lake City, personal communication), favoring its ability to influence repolarization. Likewise, the action potential results should be interpreted cautiously, given the highly artificial conditions (i.e., 10 4tM nitrendipine and 0 K+) used to check the effect of selective IK,p blockade.
Understanding of the relative contributions of the various K+ channels to repolarization will be dramatically improved as selective pharmacological or genetic (e.g., antisense messenger RNA) blockers becorne available. In this context, it is notable that the recently cloned guinea pig homologue of Kvg.1, when expressed in oocytes, exhibits time and voltage dependence values virtually identical to those of IK,p.27
The magnitude of the plateau current was found on average (n=13) to be approximately 0.24 pA/pF at a membrane potential of +30 mV. Although this amount of current can significantly influence action potential duration, not all cells showed a sizable background K+ current. Consequently, in those cells in which the current was most clearly observed, it was at least twice as large as one would expect from the average results in Figure 4 . This may be related to known regional differences within the heart. The rates of repolarization are known from electrocardiography to proceed from the apex to the base of the heart, and it is this phenomenon that is responsible for the generation of the upright "T wave".7 From this and other more direct lines of evidence, 56 we may infer that regional differences in channel composition and regulation exist in the heart. This may explain, in part, the variability in the amplitude of the background current, but we have no direct evidence to support this possibility. Finally, it should be emphasized that the estimated membrane conductance associated with the background macroscopic plateau currents is approximately 300 pS at a membrane potential of +30 mV. As a consequence, the membrane resistance during the plateau of the action potential is expected to remain very high (i.e., approximately 3 GCQ) in spite of the presence of these plateau currents.
In conclusion, we have characterized the background K' current that is present in guinea pig myocytes. Because it appears to be the whole-cell correlate of the single-channel iK,p ,22 we propose the nomenclature IK,p for this current. IK,p can significantly alter action potential duration, as shown in Figure 8 , and therefore merits further study with regard to its possible physiological role in the regulation of action potential duration.
Finally, IK,p should be recognized as a possible target of the enlarging family of therapeutic agents designed to prevent ventricular arrhythmias by prolonging action potential depolarization (class III antiarrhythmics4).
